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Illumination at 230 K of dithionite-reduced particles results in the appearance of an EPR detectable 
radical 13 G wide with g = 2.0033. This radical is formed in a ratio of 2.28 (+OS)/P700. Investigation of 
the time course of formation shows two components are present. One (A 1) has g = 2.0051 and the other 
(A,) g= 2.0024. Reduction of A 1 results in an increase in reaction centre triplet formation, subsequent 
reduction of A, results in a decrease of triplet formation to the base level. We propose that these compo- 
nents function sequentially in the transfer of electrons from P700 to the iron-sulphur acceptors. 
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1. INTRODUCTION 
Electron transfer in photosynthetic reaction cen- 
tres involves photo-oxidation of the reaction centre 
chlorophyll, followed by rapid transfer of the elec- 
tron through intermediary carriers to an electron- 
acceptor complex. In purple photosynthetic bacte- 
ria the intermediary carriers have been identified 
as bacteriochlorophyll and bacteriopheophytin 
and the electron acceptors as quinones [l]. If the 
quinones are reduced prior to illumination tran- 
sient reduction of the pheophytin is followed by 
recombination of the electron with the oxidised 
donor chlorophyll. This recombination results, 
with high yield at low temperature, in the forma- 
tion of a spin-polarised triplet of the donor chlo- 
rophyll which can be detected by EPR or optical 
spectroscopy. In purple bacteria formation of the 
triplet is closely correlated to the redox state of the 
quinone and the pheophytin acceptors [2]. 
In photosystem I, 3 iron-sulphur centres have 
been characterised as electron acceptors [3]. How- 
ever, kinetic measurements of the re-reduction of 
the reaction centre chlorophyll P700 have indi- 
cated that, as in bacteria, other electron carriers 
are also involved in the electron-transfer process 
[4]. We have shown that if photosystem I samples 
are prepared under extreme reducing conditions 
and frozen under illumination, a component giv- 
ing rise to an EPR signal in the g = 2.00 region is 
reduced [5,6]. We proposed that this signal arose 
from a reduced monomeric chlorophyll electron 
carrier and obtained kinetic evidence for a flash 
induced EPR transient decaying in the p time 
range corresponding to this component [7]. Sup- 
port for the identification of the component as a 
monomeric chlorophyll came from ENDOR ex- 
periments [8]. A spin-polarised triplet EPR signal 
has also been detected in photosystem I [9]; using 
LDS-treated particles which lacked the iron-sul- 
phur centres, it was shown that reduction of the 
chlorophyll intermediary carrier decreased the am- 
plitude of the triplet signal [lo]. However, in Tri- 
ton particles a spin-polarised triplet was observed 
[ 1 I] under all redox conditions; the g = 2.00 signal 
was quantitatively unrelated to the P700 content of 
the preparation, with up to 12 spins/P700. 
Abbreviations: CIDEP, chemically-induced dynamic 
electron polarisation; EPR, electron paramagnetic reso- 
nance; ENDOR, electron nuclear double resonance 
We have now used a novel low-temperature 
technique for the photoreduction of the compo- 
nent giving rise to the 13 G wide g = 2.00 radical 
to reassess the quantitative relationship of this 
component o the P700 content of the preparation, 
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and the effect of the redox state of this component 
on triplet formation. 
2. MATERIALS AND METHODS 
Triton photosystem I particles with a P700:chlo- 
rophyll ratio of I:40 were prepared from market 
spinach as in [ 121. 
EPR samples with the electron acceptors A, B 
and X (A2) reduced were prepared by anaerobic 
addition of sodium dithionite in 0.1 M Tris-HCl 
(pH 9) to 0.1% (w/v). The samples were then il- 
luminated for 1 min and after 10 s in the dark were 
frozen in liquid nitrogen. No redox mediators were 
added. 
The g = 2.00 radical signal was photo-induced 
by illumination of the samples in an ethanol bath 
held at 230 K. The light source was a 1000 W pro- 
jector. At intervals during 230 K illumination the 
samples were removed from the ethanol bath and 
their EPR spectra recorded. 
EPR measurements were made using a Jeol FE- 
1X spectrometer with 100 kHz field modulation. 
Sample temperature was maintained by an Oxford 
Instruments cryostat used with either liquid nitro- 
gen or liquid helium. A Barr and Stroud 150 W 
libre-optic light source was used to illuminate sam- 
ples in the cryostat. The light intensity was saturat- 
ing at the chlorophyll concentration used. g-Values 
were measured using a powdered manganese ox- 
ide sample as a standard. 
Quantitation of EPR signals recorded at 112 K 
with 5 PW microwave power was by double inte- 
gration as in [ 131. 
3. RESULTS AND DISCUSSION 
No low temperature donor is present in photo- 
system I and normally the only low temperature 
photochemistry which can be observed is the 
quantitative transfer of an electron from P700 to 
one of the iron-sulphur electron acceptors. At 
>200 K in samples prepared in the presence of 
ascorbate, P700 is re-reduced during illumination 
and > 1 electron can be transferred through to the 
acceptor complex [ 141. We have found that similar 
results can be obtained using dithionite as reduc- 
ing agent with the advantage that the initial redox 
state of the iron-sulphur centres can be con- 
trolled. In the sample used for the experiment in 
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F&l. EPR spectra recorded after approx. 2, 3.5, 5, 20 
and 50 min (A-E, respectively) of the g = 2.00 region 
of Triton photosystem I particles during the course of 
230 K illumination showing the change in lineshape and 
g-value. The iron-sulphur acceptors (A,B,X) were re- 
duced before the start of low temperature illumination; 
[chl] = 0.3 mg/ml. The spectra were recorded at 112 K 
with the following instrument settings: microwave 
power, 100 pW; frequency, 9.009 GHz; modulation am- 
plitude, 1 G; instrument gain, 2500. 
fig.1 all 3 iron-sulphur centres were initially re- 
duced and remained reduced throughout the ex- 
periment. 
Fig.1 shows the low temperature EPR spectrum 
of the g = 2.00 region in Triton PSI particles taken 
at intervals during illumination of a sample at 
230 K. The iron-sulphur centres were reduced be- 
fore the sample was frozen. These spectra show the 
changes in lineshape and intensity of the g = 2.00 
signal. The signal formed after a short illumination 
period (Al) has an asymmetric 10.5 G wide spec- 
trum centred at g = 2.005 1; this changes to a near- 
ly Gaussian signal centred at g = 2.0033 after 
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longer illumination time, suggesting the reduction 
of a second component (A,J. Difference spectra 
made assuming equal intensities for each signal 
indicate that A,, has a g = 2.0024 which is com- 
patible with a monomeric chlorophyll anion. The 
signal reaches maximum amplitude after 50 min 
illumination at 230 K. At no stage during the 
experiment could any change in signal size be 
observed on illumination at s 112 K, and no dis- 
colouration of the sample was observed. The sig- 
nals are only observed when the iron-sulphur cen- 
tres are fully reduced. We conclude that the signals 
shown in fig.1 arise as a result of reduction of 
2 components with lower redox potentials than the 
iron-sulphur centres. 
In [ 1 l] evidence was presented that the 13 G 
radical described in [5] had no quantitative rela- 
tionship to the amount of P700 in their prepara- 
tion. We have quantified the relative size of the 
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Fig.2. Changes in the amplitude of the reaction centre 
triplet and the radical signal due to Al and A, in Triton 
photosystem I particles. The iron-sulphur electron ac- 
ceptors (A,B,X) were reduced before the start of low 
temperature illumination; [chl] = 0.3 mg/ml. The trip- 
let signal was measured at 4.2 K under continuous il- 
lumination as the amplitude of the Zl transition at 
g = 2.2 with the following instrument settings: micro- 
wave power, 20 nW; frequency, 9.106 GHz; modulation 
amplitude, 10 G; instrument gain, 4000. The g = 2 radi- 
cal signal was measured at 12 K as the peak-to-peak 
height with the following instrument settings: 
microwave power, 100 pW; frequency, 9.106 GHz; 
modulation amplitude, 1 G; instrument gain, 4000. 
fully reduced signals in fig.1 to that of the P700 
radical formed on illumination of a sample of the 
same preparation frozen with ascorbate in the dark 
and illuminated at 112 K. We have found a ratio 
of 2.28 +- OSO/P700. Although the ratio is variable 
it was never > 2.9 and in all preparations a plateau 
was reached in the size of the signal. At no time 
have we observed the very large signals reported in 
[ll]. The signals observed in [l l] could have re- 
sulted from photo-destruction of the sample, per- 
haps because of acidification due to lack of pH 
control or anaerobiosis during dithionite addition. 
We conclude that the signals in fig.1 and [5,6] re- 
flect the reduction of specific photosystem I com- 
ponents and that 2 components are present, each 
in a ratio of l/P700. 
A spin-polarised triplet EPR signal has been ob- 
served in photosystem I particles. It could arise as 
a result of the back reaction between the inter- 
mediary acceptor of P700 in a way analogous to 
that in purple bacteria [lo]. However, in Triton 
and digitonin photosystem I particles the signal can 
be observed under nearly all redox conditions. The 
only condition we have found where no triplet is 
seen is when samples are prepared with P700 ox- 
idised before freezing. If the components giving 
rise to the g = 2.00 signals shown in fig.1 are elec- 
tron acceptors their reduction might be expected to 
affect the formation of the triplet. Fig.2 shows the 















Fig.3. Proposed scheme of electron transfer in 
photosystem I.
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course of reduction of the two components. Ini- 
tially the amplitude of the triplet increases from 
the zero time level and then decreases back to the 
original level. These changes in amplitude parallel 
the changes in the g = 2.00 radicals, the triplet 
amplitude increasing as the g = 2.0051 radical 
(AI) appears and decreasing as the g = 2.0033 
radical (Ao) appears. Analogy with the purple bac- 
terial reaction centre would suggest hat the 2 radi- 
cals arise from electron acceptors in the reaction 
centre. When both acceptors are oxidised the elec- 
tron from P700 would pass to At and return to 
P700 by a pathway which does not involve triplet 
formation. When Al is reduced the electron will 
return from A0 by a mechanism involving triplet 
formation. However, as the triplet formation is not 
completely eliminated when & is reduced we can- 
not exclude the possibility that the preparation 
contains a proportion of reaction centres which do 
not participate in the observed redox reactions, or 
that the mechanism of triplet formation is not 
analogous to that in purple bacteria. 
Fig.3 shows a possible organisation of the elec- 
tron-acceptor complex in photosystem I. We have 
obtained evidence for the existence of a transient 
EPR signal following flash illumination which de- 
cays in the ~~1s time range in samples where the 
iron-sulphur centres are fully reduced. This signal 
is partly obscured by CIDEP effects but has a peak 
at g = 2.0075 which corresponds well to the peak 
of Al. & might be expected to have a very much 
shorter lifetime and is probably not kinetically de- 
tectable by EPR. 
Although it is possible to use analogy with the 
bacterial system in interpretation of experiments 
with photosystem I it must be stressed that the 2 
systems are very different. In the purple bacterial 
reaction centre electrons are transferred from the 
pheophytin (-600 mV) to the quinone acceptor 
(-100 mV) apparently without any intermediate 
carriers. In photosystem I there is no large energy 
drop of this sort between carriers. Although the 
potential of the carriers described here has not 
been determined it cannot be far below -900 mV. 
There is a chain of carriers between the chloro- 
phyll acceptor and NADP with c 150 mV between 
any pair of carriers. This chain may be required to 
ensure efficient forward electron transport. The 
observation of triplet formation under all condi- 
tions when P700 is initially reduced suggests a 
higher probability of back reaction than in the 
bacterial system, as might be expected from the 
50% larger energy gap between P700+ and &- 
compared to P870+ and the pheophytin. 
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